In this study, the fatigue crack growth rate (FCGR) of a Ti15V3Cr3Al3Sn (Ti-15-3) alloy, which was aged at a temperature range of 371 to 593°C, was measured in air at room temperature. The specimen aged at 371°C showed clear serrations in the crack growth curve at a stress ratio (R) of 0.1, and it also exhibited a larger Paris law gradient than the other aged specimens at R = 0.5. The peak-aged (426°C aged) specimen had the highest FCGR of the specimens, regardless of the stress ratio. A gradual decrease in the FCGRs with increasing aging temperature, from 482 to 593°C, was observed for the over-aged specimens. Cleavage-like fracture was more likely to occur in the under-and peak-aged specimens as compared to the transgranular fatigue in the over-aged specimens. It seemed that the coarse ¡ platelets with lowered hardness in the over-aged specimens resulted in a higher resistance to fatigue crack growth in the Ti-15-3 alloy.
Introduction
Ti15V3Cr3Sn3Al (Ti-15-3) is one of the mostly widely used metastable ¢ titanium alloys in aircraft industries as a substitute for the Ti6Al4V (Ti-6-4) alloy. 1) Significant cost advantages are possible in strip productivity by using cold-formed Ti-15-3 instead of hot-formed Ti-6-4.
2) A wide range of strength levels can be achieved by heat-treating the Ti-15-3 alloy to meet various needs and applications.
3) It has been reported that a tensile strength over 1700 MPa can be obtained through thermo-mechanical treatments of the Ti-15-3 alloy. 4) The strength of ¢ type titanium alloys increases noticeably with the homogeneous and fine precipitation of the ¡ phase. 5) Refining the size of ¢ grain helps to improve the ductility of the alloy, but this refinement has less influence on its tensile strength. 6) The fracture toughness of the material affects its resistance to unstable crack growth. A coarse-grained Ti-15-3 alloy with homogeneous ¡ precipitates has higher fracture toughness than a fine-grained alloy. 7) Moreover, the fracture toughness and ductility decrease with increasing tensile strength of the Ti-15-3 alloy. 8) In the literature, there are only a few studies on the fatigue properties of Ti-15-3 alloy. It was reported that the fatigue crack growth rate (FCGR) of the solution-treated Ti-15-3 alloy increases with increasing the specimen thickness as well as the ¢ grain size. 9) Kazanjian et al. pointed out that the FCGR of the Ti-15-3 alloy is not altered significantly by changing the morphology of the ¡ phase, e.g., the precipitate size, the aspect ratio and its distribution, using multi-step heat treatments. 10) In previous study, a plate-like ¡ with interlocked structures is produced and provides a better resistance to the crack growth in the Ti-15-3 alloy by increasing the aging temperature.
11) Apparently, there is some controversy as to whether the FCGR is microstructuresensitive or -insensitive in the Ti-15-3 alloy aged at different temperatures. The presence of sharp notch brittleness in the under-aged Ti-15-3 specimens 12) implies that the FCGR of the alloy may depend on the aging condition or the microstructure. In this work, the fatigue crack growth characteristics of the Ti-15-3 alloy subjected to aging treatments at distinct temperatures were evaluated. The fracture features of the specimens were also examined and related to the microstructures and FCGRs.
Material and Experimental Procedures
The as-received (AR) Ti-15-3 sheet (3 mm thick) in the solution annealed condition was used in the experiment. The chemical composition of the alloy by weight percent was 15.1 V, 2.92 Cr, 2.99 Sn, 3.05 Al, 0.071 Fe, 0.12 O, 0.016 C, 0.014 N, 0.021S and a balance of Ti. The aging treatments were performed at a temperature in the range of 371 to 593°C for 8 h in hard vacuum (6.67 © 10 ¹4 Pa), followed by argonassisted cooling to room temperature at a cooling rate of approximately 20°C/min. A three-digital number was attached to a capital A to identify the specimens aged at different temperatures, e.g., the A482 specimen represented that the specimen was aged at 482°C for 8 h. The ¢-transus temperature (¢ tr ) was estimated to be 760°C using the following expression: 13) ¢ tr ¼ 882 þ 21:1½Al À 9:5½Mo þ 4:2½Sn À 6:9½Zr À 11:8½V À 12:1½Cr
A Vickers micro-hardness tester was used to determine the specimen hardness under a load of 300 g. The fatigue crack growth tests were performed at room temperature on an MTS system according to ASTM E647-91 standard. All compacttension (CT) specimens were manufactured using an electrodischarge wire cutter. The fatigue crack growth tests were conducted with a sinusoidal waveform at a loading frequency of 20 Hz and a stress ratio of either 0.1 or 0.5. Crack length was measured on-line using a crack opening displacement gauge mounted at the specimen edge. The compliance function provided by Saxena and Hudak 14) was used to determine the crack length, and this length was confirmed by a traveling microscope at a magnification of 30©. Fatigue fractured appearances of various specimens were examined by a scanning electron microscope (SEM), with an emphasis on the locations that showed changes in fracture modes. The fracture surface roughness and its profile were measured using the height of the irregularities with respect to an average level. Ra is the arithmetic average of the absolute values of the roughness profile ordinates (7500 data points taken over a distance of 1.8 mm) and represents the local change in crack path as the crack propagates. In addition, thin foil specimens were prepared by a standard jet-polisher to investigate the detailed microstructures of aged specimens using a transmission electron microscope (TEM). Figure 1 shows the variations in microhardness for the Ti-15-3 specimens aged at distinct temperatures. The AR specimen with an average grain size of 50 µm had a microhardness value of about Hv 270. A moderate increase in hardness to Hv 340 was obtained for the specimen aged at 371°C, i.e., the A371 specimen. A peak hardness of Hv 446 was reached with the A426 specimen. A further increase in the aging temperature caused a sharp drop in hardness, as demonstrated by the over-aged specimen. The A538 specimen had a hardness of approximately Hv 348, which was slightly higher than that of the A371 specimen. Additionally, the hardness of the A593 specimen was as low as Hv 310, moderately larger than the A317 specimen hardness of approximately Hv 280. The microstructures of the AR specimen consisted of equiaxed ¢ grains without any observable precipitates. TEM micrographs revealed that clusters of ultra-fine ¡ precipitates in the A371 specimen ( Fig. 2(a) ), whereas fine, needle-like ¡ precipitates were distributed uniformly in the matrix of the A426 specimen ( Fig. 2(b) ). The coarsening of the ¡ precipitates became more significant with increasing the aging temperature, i.e., with aging at 538°C or higher. In the A593 specimen ( Fig. 2(c) ), the coarsening of the ¡ precipitates, as well as the decreased number and density of the platelet ¡, accounted for the lower hardness of the over-aged specimens. Besides, the former ¢ grain boundary of the A593 specimen was decorated with thin ¡ layer, and dense elongated ¡ adjacent to the grain boundary ( Fig. 2(d) ).
Results and Discussion

Microhardness measurements and microstructural observations
Fatigue crack growth tests
The fatigue crack growth curves of variously aged Ti-15-3 specimens are shown in Fig. 3 . The results indicated that the A426 (peak-aged) specimen had the highest FCGR and the A371 specimen exhibited the lowest FCGR of the specimens tested at R = 0.1 ( Fig. 3(a) ). The fatigue crack growth curve of the A371 specimen showed serrations on the curve within the ¦K test ranges. This serrated da/dN vs. ¦K curve could be closely related to the zigzag crack path, which can be viewed from cross section perpendicular to fracture surface of the CT specimen. The FCGR of the A482 specimen was slightly lower than that of the A426 specimen. Furthermore, the FCGR of the A538 specimen was a little bit higher than that of the A593 specimen. For a given specimen, the FCGR tested at R = 0.5 was higher (Fig. 3(b) ) than that at R = 0.1. The 426°C aged specimen still exhibited the lowest resistance to fatigue crack growth across all the ¦K ranges. The resistance to fatigue crack growth of the A482 specimen was somewhat higher than that of the A426 specimen at R = 0.5. Similar to the test results at R = 0.1, the fatigue crack growth curves of the A538 and A593 specimens revealed stable crack propagation during the test. In general, the fatigue crack growth characteristics had the same trend as the variation in fracture toughness of the aged Ti-15-3 specimens. The J-integral values were 10, 18, 21, 34, 70 kN/m for the A371, A426, A483, A538 and A593 specimens, respectively.
11) The over-aged specimens with higher fracture toughness exhibited lower FCGRs as compared with the peak-aged and under-aged specimens.
It was observed that the Paris law gradients of the fatigue crack growth curves of all the specimens were similar at R = 0.1. Although the fatigue crack growth curve of the A371 specimen exhibited serrations, the slopes of the da/dN vs. ¦K curves were in the range 2.54 to 2.81 for all the specimens at R = 0.1. However, at R = 0.5 the slope of the crack growth curve of the A371 specimen (4.42) was much greater than those of the other specimens (2.442.61). Apparently, accelerated crack growth occurred in the A371 specimen with increasing ¦K ranges at R = 0.5. Moreover, the A371 specimen could split into two pieces during the fatigue crack growth test if ¦K exceeded 15.28 MPa ffiffiffiffi m p (Kmax = 30.65 MPa ffiffiffiffi m p ). Such an event was associated with enhanced tensile fracture in the A371 specimen at the final stage of the fatigue test at R = 0.5, and would be discussed later in the text. Figure 4 displays the typically fracture appearance of the CT specimens under low magnification. The macro-fracture appearances of various specimens were approximately the same, showing irregularly rough surfaces. The appearance of parallel secondary cracks (indicated by arrows in Fig. 4(a) ) in the A426 specimen could be related to the low ductility (3% elongation) of the specimen.
Marco-fracture appearance observations
11) It was found that the stress ratio had a minor influence on the macro-fracture features of the specimens. The fracture surface roughness of the fatigue-fractured specimens across specific ¦K ranges can be correlated to Ra values, as given in Table 1 . The results indicated that the Ra values increased with increasing ¦K ranges. Additionally, the A371 specimen exhibited a much higher Ra values than the other specimens, irrespective of the stress ratio. It was deduced that the rougher fracture surface was generally correlated with a high Ra value and with a zigzag crack path in the fractured specimen. Such a high Ra value and/or a deflected crack path could be also linked to the serrations in the crack growth curve. Furthermore, an increase in the stress ratio from 0.1 to 0.5 caused a rise in the Ra values of the A371 specimen. However, the Ra values of the A482, A538 and A593 specimens all fell in a definite range regardless of the stress ratio. This result implied that the fracture morphology of these specimens might be similar. Figure 5 shows the typical fracture morphology of fatigue specimens at both low and high ¦K ranges, e.g., 8 and 14 MPa ffiffiffiffi m p . The fracture appearance of the A371 specimen predominantly revealed a facet fracture, along with tear stripes on the fracture planes, at 0.1 R (Fig. 5(a) ). Generally, the fracture morphology of the A371 specimen showed more cleavage-like fracture with increasing ¦K ranges (Fig. 5(b) ). In a previous study on the Ti-15-3 alloy, 9, 10, 15) fatigue cracks tend to propagate along the slip bands of certain crystallographic planes in the solution-treated specimen. However, cracks are also found to go through the ¡ platelets or through the ¡/¢ interfaces for the solution and aged specimens. 9, 10, 15) The faceted appearance is attributed to the restricted number of available slip systems when the plastic zone size is less than the grain size, thereby favoring fracture along specific planes. 9) From the fracture features of the A371 specimen, it was deduced that the crack growth had a tendency to follow a specific plane within an individual grain (³50 µm), similar to the solution-treated specimens. Therefore, the precipitation of fine ¡ particles in the A371 specimen did not affect the fatigue crack growth path, which showed typical cleavagelike fracture. A deflected crack path could be induced by localized facet-fracture on certain crystallographic planes, which was confirmed by the high Ra values and the fracture features. Such an event was associated with the serrations in the fatigue crack growth curve of the A371 specimen ( Fig. 3(a) ). Transgranular fatigue mixed with intergranular separations was observed more often in the A426 specimen at R = 0.1 (Fig. 5(c) ). An increased extent to the intergranular fracture in the A426 specimen occurred at higher ¦K ranges for the same R (Fig. 5(d) ). The high strength and low ductility of the A426 specimen was accompanied with a low fracture toughness in a prior study.
Fractographic examinations
11) Therefore, the highest FCGR among the specimens was related to an inherently low fracture toughness, which was characterized by the highly brittle nature of the specimen. Consequently, the A426 specimen had a lower resistance to crack growth than the other specimens. Additionally, the fracture appearance of the A426 specimen was different from that of the A371 specimen. This observation could partly be attributed to the different sizes of the ¡ precipitates between the two specimens. It was deduced that the ultra-fine ¡ precipitates in the A371 specimen ( Fig. 2(a) ) could be cut by a moving dislocation, which would result mainly in cleavage-like fractures. The A371 specimen, containing extensive brittle fracture features, was expected to have a higher FCGR than the A426 specimen. However, a zigzag crack path not only reduces the local driving force for crack growth but also increases the crack path length, leading to a decreased FCGR. 16, 17) The lower FCGR of the A371 specimen than that of the A426 specimen at R = 0.1 was attributed to the tortuous crack path of the A371 specimen. Increasing the aging temperature to 482°C or higher, the decreased FCGRs of the over-aged specimens were due to the improved fracture toughness as compared with the A426 and A371 specimens. 11) For the A538 and A593 specimens tested at R = 0.1, transgranular fatigue with coarse stripes on the fracture surface was observed for all the ¦K ranges (Fig. 5(e) ).
The fatigue fracture appearance of the A371 specimen tested at R = 0.5 and low ¦K ranges was similar to that of the same specimen tested at R = 0.1 and high ¦K ranges, both exhibiting step-wise cleavage-like fracture. At the same ¦K ranges, an increased extent of cleavage fracture accounted for the increased FCGR at R = 0.5. An extensive step-wise cleavage fracture was observed in the A371 specimen tested at R = 0.5 and high ¦K ranges (Fig. 5(f ) ). As mentioned previously, the A371 specimen often split as ¦K approached 15.28 MPa ffiffiffiffi m p (Kmax = 30.65 MPa ffiffiffiffi m p ). This observation implied that the fracture toughness for unstable crack growth was reached for the A371 specimen. In addition, the split region (Fig. 5(g) ) caused by the tensile overload had a similar fracture morphology (step-wise cleavage fracture) to the fatigued region of the A371 specimen at high ¦K. It was deduced that the high notch brittleness of the A371 specimen caused local tensile fracture at high R, resulting in rapid fatigue crack growth during the test. In the case of the A426 specimen tested at R = 0.5 and high ¦K ranges, step-wise local cleavage and tensile rupture (Fig. 5(h) ) dominated the fracture processes during the test. The high Kmax of the fatigue test inevitably promoted local tensile fracture in the specimen. The changes in fracture features for the A426 specimen in going from low to high ¦K ranges could be partly due to the inherent low toughness of the material. As with the A371 specimen, the local brittle fracture of the A426 specimen was responsible for the low crack growth resistance of the specimen. In the case of the A538 and A593 specimens tested at either R = 0.5 or 0.1, the fracture features were resembling. The crack growth resistance of the ¡ platelets in the over-aged specimens appeared superior to the resistance of the needle-like ¡ precipitates in the under-and peak-aged specimens.
Summary
This study investigated the effect of aging treatments on the fatigue crack growth characteristics of a Ti-15-3 alloy. A peak hardness of Hv 446 could be obtained for the A426 specimen, which was associated with the fine, needle-like ¡ precipitates uniformly distributed in the matrix. The decreased number and density of the ¡ precipitates, together with the coarsening of the ¡ phase, accounted for the Fatigue Crack Growth Characteristics of a Ti15V3Cr3Sn3Al Alloy with Variously Aged Conditionsdecreased hardness in the over-aged specimens. In the A593 specimen, the presence of thin ¡ films at the former ¢ grain boundaries and coarse ¡ side plates adjacent to the grain boundaries was noticed. The A426 specimen had the highest FCGR, whereas the A371 specimen exhibited the lowest FCGR of the specimens tested at R = 0.1. It was observed that the slope of the crack growth curve of the A371 specimen (³4.42) was much greater than those of the other specimens (2.44 to 2.61) at R = 0.5. An extensive cleavagelike fracture was frequently observed in the A371 and A426 specimens tested at R = 0.5 with high ¦K ranges. Such a brittle fracture mode could reflect the high FCGR of these specimens. In contrast, the A538 and A593 specimens revealed stable fatigue crack growth, regardless of the stress ratio. The coarse ¡ platelets in the over-aged specimens had a higher resistance to fatigue crack growth than the fine, needle-like ¡ precipitates in the under-and peak-aged specimens. and high ¦K; (c) the A426 specimen at R = 0.1 and low ¦K; (d) the A426 specimen at R = 0.1 and high ¦K; (e) the A593 specimen at R = 0.1 and entire ¦K ranges; (f ) the A371 specimen at R = 0.5 and high ¦K; (g) the A371 specimen at the tensile split region; (h) the A426 specimen at R = 0.5 and high ¦K ranges.
